Membranes were isolated and purified from nutrient broth-yeast extract-and hexadecane-grown cells of Acinetobacter sp. strain HO1-N. Two membrane fractions were isolated from nutrient broth-yeast extract-grown cells, the cytoplasmic membrane and the outer membrane. In addition to these two membrane fractions, a unique membrane fraction was isolated from hexadecane-grown cells (band 1) and characterized as a lipid-rich, low-density membrane containing high concentrations of hexadecane. The outer membrane preparations of Acinetobacter, obtained from nutrient broth-yeast extract-and hexadecanegrown cells, exhibited a low ratio of lipid phosphorus to protein and contained phospholipase activity and 2-keto-3-deoxyoctulosonic acid. Phosphatidic acid cytidyltransferase, adenosine triphosphatase, and reduced nicotinamide adenine dinucleotide oxidase were recovered almost exclusively in the cytoplasmic membrane fractions. The cytoplasmic membrane fractions contained 20 to 25 polypeptide species on sodium dodecyl sulfate-polyacrylamide gels, and the outer membrane fractions contained 15 to 20 polypeptide species. A major polypeptide species with an apparent molecular weight of approximately 42,000 to 44,000 was found for all outer membrane fractions. The buoyant densities of the cytoplasmic membrane fractions and the outer membrane fractions were closely similar, necessitating their separation by differential centrifugation. Band 1 of hexadecane-grown cells had a ratio of lipid phosphorus to protein that was almost twice that of the cytoplasmic membrane and a correspondingly low buoyant density (1.086 g/cm3). Enzyme activities associated with band 1 were identical to those associated with the cytoplasmic membrane. The electrophoretic banding pattern of band 1 was essentially identical to the banding pattern of the cytoplasmic membrane. The phospholipid and neutral lipid compositions of the isolated membrane fractions were determined as qualitatively similar, with significant quantitative differences. The ultrastructure characteristics of the respective membrane fractions were examined by the negative-stain technique.
tems have been observed for a variety of bacteria. Mesosomes possess long-standing recognition although their function remains obscure (31) . Complex intracytoplasmic membrane systems have been described for specialized groups of microorganisms, which include the methaneoxidizing bacteria (6, 7) , the autotrophic-nitrifying bacteria (42) , the photosynthetic Thiorhodaceae and Athiorhodaceae (25) , the nitrogenfixing Azotobacter (28, 30) , Escherichia coli strain Olla (44) , and Gluconobacter oxydans (2, 5) . Recently, intracytoplasmic membrane development in the alkane-oxidizing microorganism Acinetobacter sp. HO1-N was reported (15, 16) .
A limited number of reports have appeared describing the isolation of intracellular membranes from gram-negative bacteria. The intracellular membranes of the photosynthetic bacterium Rhodopseudomonas capsulata have been isolated and their purity has been assessed on the basis of bacteriochlorophyll content (25) . The intracellular membranes of E. coli Olla have been isolated, employing their size and unique ultrastructure chracteristics (11) .
The hydrocarbon-oxidizing bacterium Acinetobacter sp. HO1-N offers a unique system in which to study the structure and function of specific bacterial membrane systems and their relationship to alkane oxidation. These studies are directed to the development of techniques for the isolation and chemical characterization of the various membrane systems in this organism after growth on hydrocarbon and nonhydrocarbon substrates.
MATERIALS AND METHODS Bacterial strain. Acinetobacter species HO1-N (3, 13) , formerly the HO1-N strain ofMicrococcus cerificans (39) , was used for all experiments. The bacterium was maintained at -20 C in 15% glycerol from cultures pregrown in nutrient broth-yeast extract (NBYE).
Culture conditions. The organism was grown in a mineral salts medium with the following composition (in grams per liter): (NH4)2SO4, 2; KH2PO4, 4; Na2HPO4 7H20, 4; MgSO4 7H20, 0.2; CaCl2 2H2O, 0.001; and FeSO4 7H2O, 0.001, pH 7.8. This was supplemented with either presterilized n-hexadecane (Humphrey Chemical Co., New Haven, Conn.) to a final concentration of 0.3% (vol/vol) or with 0.8% nutrient broth (Difco) plus 0.5% yeast extract (Difco). Starter cultures (100 ml) in NBYE were inoculated from the glycerol stock cultures and used to inoculate hexadecane starter cultures. Cultures were grown on a gyratory shaker at 28 C and harvested during the midexponential growth phase. Growth was followed with a Klett-Summerson colorimeter equipped with a 540-nm filter.
Membrane isolation. Cells were harvested by centrifugation at 13 ,000 x g for 20 25 drops (1.2 ml) were collected, and 0.1 ml was taken for protein analysis. The bands of memgrane were pooled and used for further analysis.
The buoyant densities of the isolated membrane fractions were estimated by layering on 30-ml linear 25 to 55% (wt/wt) sucrose gradients. The gradients were centrifuged at 51,000 x g in an SW25.1 Beckman rotor for 18 h. The linearity of the prepared gradient was measured on control gradients under identical conditions with a Bausch & Lomb refractometer.
Enzyme assays. Phospholipase activity was determined by measuring the conversion of [2-3H] glycerol-labeled phosphatidylethanolamine to water-soluble products. Incubation mixtures contained 100 mM Tris-chloride buffer (pH 8.0), 5 mM CaCl2, 0.2% (vol/vol) Cutscum (Fisher Scientific Co.), 205 nmol of [H3] phosphatidylethanolamine (112 counts/min per nmol) in a final volume of 0.1 ml. Labeled phosphatidylethanolamine in chloroform-methanol (2:1, vol/vol) was added first, and the solvent was removed under a stream of nitrogen. A mixture of the above reagents (0.05 ml) was added, and the phospholipid was dispersed by vigorous agitation on a vortex mixer. The reaction was initiated by the addition of the membrane fraction (14 ,ug of protein). After incubation for 20 min at 37 C on a shaking water bath, the reaction was stopped with 1.5 ml of chloroform-methanol (2:1, vol/vol). The monophasic solution was backwashed with 0.5 ml of on July 6, 2017 by guest http://jb.asm.org/ Downloaded from 0.9% NaCl, and the layers were separated by centrifugation. A portion of the aqueous phase (0.2 ml) was added to 10 ml of Aquasol (New England Nuclear Corp.), and the radioactivity was measured in a Nuclear-Chicago Mark II scintillation spectrometer.
Reduced nicotinamide adenine dinucleotide (NADH) oxidase was assayed by measuring the rate of oxygen consumption over a linear range at 25 C with a Yellow Springs Instrument Co. model 53 biological oxygen monitor. Incubation mixtures contained 50 mM phosphate buffer (pH 7.5), 0.43 mM NADH, and the membrane fraction (0.2 to 1.0 mg of protein) in a final volume of 3.0 ml. The reaction was initiated by the addition of NADH. Observed rates were corrected for endogenous oxygen consumption by subtracting the oxygen consumed, using the above mixture lacking NADH.
Adenosine triphosphatase (ATPase) was assayed by measuring the amount of inorganic phosphate released after incubation of the membrane fractions with adenosine 5'-triphosphate (ATP). Incubation mixtures contained 50 mM Tris-chloride (pH 8.0), 2 mM MgCl2, 5 mM Na2ATP, and the membrane fraction (150 to 200 Mug of protein) in a final volume of 1 ml. Membrane fractions were dialyzed overnight at 4 C against 50 mM Tris-chloride, pH 7.5, prior to enzyme analyses. The reaction mixture lacking ATP was preincubated for 1 min at 37 C, and the reaction was started by the addition of ATP. After incubation for 30 min, the reaction was terminated by the addition of 1 ml of cold 10% trichloroacetic acid. The reaction mixtures were centrifuged at 27,000 x g for 10 min at 4 C to remove precipitated protein. The supernatant (1 ml) was assayed for inorganic phosphate by the method of Fiske and Subbarow (8) (21) with slight modifications. The gels were prepared from a stock solution containing 4 g of acrylamide, 0.1 g of N,N'-bismethyleneacrylamide, and 10.0 mg of SDS in 10 ml of water. All gels contained 10% acrylamide and 0.25% bisacrylamide in 0.375 M Tris-sulfate, pH 9.0 A final concentration of 0.4% ammonium persulfate was used for the polymerization of this gel and the cap gel. The stacking gel contained 5% acrylamide and 0.125% bisacrylamide in 0.375 M Tris-sulfate, pH 9.0. The stacking and well gels were polymerized using a final concentration of 0.1% ammonium persulfate. The well gel contained 8% acrylamide and 0.2% bisacrylamide in 0.075 M Tris-sulfate, pH 9.0 The cap gel contained 10% acrylamide and 0.25% bisacrylamide in 0.075 M Tris-sulfate, pH 9.0. The tank electrode buffer consisted of 0.065 M Tris borate, pH 9.0. All chemicals used for polyacrylamide gel electrophoresis were purchased from Canalco (Rockville, Md.).
Membrane samples for electrophoresis (100 to 150
Mg of protein) were suspended in a solution containing 1% SDS and 1% 2-mercaptoethanol and heated in a boiling water bath for 5 min. To 2 volumes of the membrane suspension, 1 volume of 0.075 M Trissulfate, pH 9.0, was added containing bromophenol blue and 80% sucrose. Electrophoresis was carried out at room temperature using constant voltage (200 V). The tank electrode buffer was chilled (4 C) before each run. The pulse rate (initially set at 75 pulses/s) was increased 75 pulses/s at 10-min intervals to a final rate of 300 pulses/s.
After electrophoresis (1.5 to 2 h), the gel was stained in a solution containing 50% methanol, 10% acetic acid, and 0.25% Coomassie brilliant blue for 4 to 5 h at 60 C in a shaking water bath. The gel was destained in a solution containing 5% methanol and 7% acetic acid at 60 C in a shaking water bath.
The molecular weights of the membrane polypeptides were estimated by extrapolating relative mobilities on a standard curve prepared with bovine serum albumin, egg albumin, and trypsin as standards.
Extraction of lipids and hexadecane. The membrane fractions were extracted with chloroformmethanol (2:1, vol/vol) for 30 min at 25 C and backwashed with 0.9% NaCl (9) . The chloroform-soluble fraction was dried under nitrogen and dissolved in a known volume of chloroform for further lipid analysis or in a known volume of hexane for the quantitation of hexadecane by gas chromatography.
Gas chromatography. Hexadecane was assayed by gas-liquid chromatography with a Packard gas chromatograph, series 7500, using a 20% diethylene glycol succinate column. Operating conditions were: column temperature, 115 C; detector temperature, 190 C; injection temperature, 180 C; outlet temperature, 250 C; argon flow rate, 50 ml/min; and chart speed, 2.5 min/inch (ca. 2.54 cm). Peak areas were determined by multiplication of peak heights by retention time, and the hydrocarbon gas was quantitated by using a reference standard curve.
Thin-layer chromatography. (Fig. 2) . The recovery of membrane protein from the discontinuous gradient was greater than 95% with band 1, band 2, and band 3, comprising 29%, 54%, and 17%, respectively. It was found by enzymatic criteria that outer membrane banded with the cytoplasmic membrane (band 2) at a density of 1.182 g/cm3. Consequently, the outer membrane was isolated by differential centrifugation as described for NBYE outer membrane. The pellet resulting after differential centrifugation was centrifuged through discontinuous sucrose gradients, resulting in band 1 (density, 1.099 g/cm3).
There was no material banding at a density of Enzymatic analyses were used to establish the identity and purity of the membrane fraction at the various stages of isolation (Table 1) . NADH oxidase, ATPase, and phosphatidic acid cytidyltransferase were predominantly localized in the cytoplasmic membrane of NBYEand hexadecane-grown cells and in band 1 of hexadecane-grown cells. Phospholipase activity was mainly localized in the outer membrane of NBYE-and hexadecane-grown cells. A small amount of contamination of the cytoplasmic membrane with the outer membrane was observed, amounting to less than 6%.
Characterization of isolated membrane fractions. The various membrane fractions derived from NBYE-and hexadecane-grown cells were examined by electron microscopy using the negative-staining technique. The outer membrane fractions from NBYE (Fig. 4) (41) . The cytoplasmic membrane fractions derived from NBYE (Fig. 3)-and hexadecane (Fig. 6 )-grown cells were composed of larger fragments and vesicles of variable size, ranging from 0.1 to 0.5 um. Band 1 of hexadecane-grown cells (Fig. 5) was similar to the cytoplasmic membrane fractions, except electron transparent vesicles were apparent, averaging 0.2 ,um in diameter. These vesicles were identified as the hydrocarbon inclusions previously seen in whole cells (16) and are the subject of a separate report (38) .
The chemical composition of the various membrane fractions is shown in (29) . A lower content of LPS has been reported for another species of Acinetobacter (40) . LPS was extracted and purified from Acinetobacter strain HO1-N to determine the amount associated with the outer membrane. NBYE-grown cells contained 0.24% LPS/g (dry cell weight) as compared with 1.37% LPS/g (dry cell weight) for hexadecane-grown cells.
The relative concentrations of phospholipids in the various membrane fractions derived from Acinetobacter after growth on NBYE and hexadecane are shown in Table 3 . The major phospholipid in all of the membrane fractions was phosphatidylethanolamine. The outer membrane from both NBYE-and hexadecanegrown cells contained a higher concentration of cardiolipin and lysocardiolipin (R. E. Torregrossa, R. 'A. Makula, and W. R. Finnerty, Abstr. Annu. Meet. Am. Soc. Microbiol. 1975, K69, p. 158) than that found in the cytoplasmic membrane. Band 1 of hexadecane-grown cells also contained a high concentration of lvsocardiolipin.
The relative concentrations of the neutral lipids in the various membrane fractions are shown in Table 4 . Fatty alcohol was the major neutral lipid class in the membrane fractions, being as high as 65 to 70% of the total neutral lipid in membranes from hexadecane-grown cells. Membranes derived from NBYE-grown cells did not contain as much free fatty alcohol as did membranes derived from hexadecanegrown cells but contained more free fatty acid and mono-and diglyceride.
The various membrane fractions were analyzed by SDS-polyacrylamide gel electrophoresis (Fig. 8) . The cytoplasmic membrane of both NBYE-and hexadecane-grown cells and band 1 contained between 20 and 25 polypeptide bands. 1 (arrows, Fig. 8 ). The outer membrane fractions contained fewer polypeptides (15 to 20) than did the cytoplasmic membrane, especially in the higher molecular weight range. One major protein species predominated in the outer membrane fraction and had an apparent molecular weight of 44,000 for NBYE-grown cells and 42,000 for hexadecanegrown cells. DISCUSSION The procedure developed for obtaining the membranes of Acinetobacter species HO1-N generally follows those described by Miura and Mizushima (22) (35, 41) .
The cytoplasmic and outer membranes ofAcinetobacter grown on hydrocarbon and nonhydrocarbon substrates, respectively, have been separated with a high degree of purity, as determined by chemical, morphological, and enzymatic criteria. The properties of these membrane fractions are similar to those reported for enriched cytoplasmic and outer membrane fractions of other gram-negative bacteria.
The outer membrane fractions, composed of small vesicles and C-shaped structures, are similar in appearance to outer membrane preparations ofEscherichia coli (35) , Proteus mirabilis (12, 27) , and Acinetobacter sp. strain MJT/ F5/199A (41). Schnaitman (35) has proposed that the inability of the outer membrane to form vesicles is due to the presence of the rigid peptidoglycan layer. However, in this investigation and in the isolation of outer membranes from P. mirabilis (12, 27) , lysozyme was used in spheroplast formation, and C-shaped structures were observed in the outer membrane preparations. Oltmann and Stouthamer (27) showed that 95% or more of the mucopeptide layer was lost from the cell envelope of P. mirabilis during the lysis procedure. Therefore, factors other than the presence of peptidoglycan may be involved in imparting this characteristic structure to outer membrane fragments.
The relatively low phospholipid content, the presence of KDO, phospholipase activity, and the electrophoretic pattern of the outer membrane proteins were similar to the outer membrane preparations described for other gramnegative bacteria. The A unique difference, compared with outer membrane preparations from other organisms, was found in the outer membrane of Acinetobacter grown on both hydrocarbon and nonhydrocarbon substrates, namely, its relatively low buoyant density. The outer membrane obtained from NBYE-grown cells had a buoyant density of 1.147 g/cm3, and the outer membranes from hexadecane-grown cells had buoyant densities of 1.141 and 1.25 g/cm3. A density of approximately 1.22 g/cm3 has been reported for outer membrane preparations from S. typhimurium (29) andE. coli (35) . Since the buoyant density of the outer and cytoplasmic membranes ofAcinetobacter were so similar, differential centrifugation was necessary to obtain their separation. However, a small amount (approximately 15 to 17%) of the total membrane of Acinetobacter banded at a density of 1.25 g/cm3.
Further comparative studies of the two outer membrane fractions obtained are needed to determine the reason for the observed density differences. Apparent differences in the amounts of LPS or peptidoglycan were not obtained for the two outer membrane preparations. Mizushima and Yamada (24) have reported the isolation and characterization of two outer membrane preparations from E. coli. These outer membrane fractions differed morphologically when viewed by electron micros- VOL. 127, 1976 copy and in their cardiolipin content. The densities of these outer membrane fractions were not determined.
The electron transport enzymes and the phospholipid biosynthetic enzyme phosphatidic acid cytidyltransferase were localized almost exclusively in the cytoplasmic membrane fraction of Acinetobacter.
The phospholipids and neutral lipids of all the membrane fractions were qualitatively similar; however, quantitative differences did exist. The major phospholipid in all membrane fractions was phosphatidylethanolamine. This phospholipid has been shown to represent the major phospholipid in the cytoplasmic and outer membranes of E. coli (46) and S. typhimurium (29) . In E. coli, the proportion of lysophosphatidylethanolamine was greater in the outer membrane than in the cytoplasmic membrane. In contrast, Acinetobacter contained a fairly high amount of lysocardiolipin in the outer membrane. This phospholipid was not reported to be present in the membranes of E. coli (46) or S. typhimurium (29) .
A unique membrane fraction, band 1, was isolated and purified from hexadecane-grown cells of Acinetobacter. This low-density membrane fraction, absent in NBYE-grown cells, contained significantly greater amounts of phospholipid and hexadecane than did the cytoplasmic or outer membranes derived from hexadecane-grown cells. The enzymatic activities associated with this membrane fraction were almost identical to those found in the cytoplasmic membrane. The gel electrophoretic pattern of the proteins from band 1 exhibited only minor quantitative differences as compared with the banding pattern of the cytoplasmic membrane. Quantitative differences did exist, however, between the phospholipid content of band 1 and the cytoplasmic membrane. Band 1 contained significantly greater amounts of phospholipid and hexadecane than did the cytoplasmic membrane. This may be due, in part, to the presence of the hexadecane inclusions and the intracytoplasmic membranes previously observed in hydrocarbongrown cells. Kennedy and Finnerty (15) have presented evidence for a physical association between the hexadecane inclusions and the intracytoplasmic membranes. The analysis of band 1 through discontinuous and linear sucrose gradients established further support for the hexadecane inclusion-membrane complex. The freeze-etching of hexadecane-grown cells revealed the intracytoplasmic membranes to be smooth surfaced, indicative of a high lipid content. Until more specific chemical, morphologi-MEMBRANES OF ACINETOBACTER 479 cal, or enzymatic markers are recognized for the intracytoplasmic membrane, the identity of band 1 will remain obscure.
